In the structure of bovine F1-ATPase determined at 1.95-Å resolution with crystals grown in the presence of ADP, 5-adenylylimidodiphosphate, and azide, the azide anion interacts with the ␤-phosphate of ADP and with residues in the ADP-binding catalytic subunit, ␤DP. It occupies a position between the catalytically essential amino acids, ␤-Lys-162 in the P loop and the ''arginine finger'' residue, ␣-Arg-373, similar to the site occupied by the ␥-phosphate in the ATP-binding subunit, ␤TP. Its presence in the ␤DP-subunit tightens the binding of the side chains to the nucleotide, enhancing its affinity and thereby stabilizing the state with bound ADP. This mechanism of inhibition appears to be common to many other ATPases, including ABC transporters, SecA, and DNA topoisomerase II␣. It also explains the stimulatory effect of azide on ATP-sensitive potassium channels by enhancing the binding of ADP.
In the structure of bovine F1-ATPase determined at 1.95-Å resolution with crystals grown in the presence of ADP, 5-adenylylimidodiphosphate, and azide, the azide anion interacts with the ␤-phosphate of ADP and with residues in the ADP-binding catalytic subunit, ␤DP. It occupies a position between the catalytically essential amino acids, ␤-Lys-162 in the P loop and the ''arginine finger'' residue, ␣-Arg-373, similar to the site occupied by the ␥-phosphate in the ATP-binding subunit, ␤TP. Its presence in the ␤DP-subunit tightens the binding of the side chains to the nucleotide, enhancing its affinity and thereby stabilizing the state with bound ADP. This mechanism of inhibition appears to be common to many other ATPases, including ABC transporters, SecA, and DNA topoisomerase II␣. It also explains the stimulatory effect of azide on ATP-sensitive potassium channels by enhancing the binding of ADP.
mitochondria ͉ oxidative phosphorylation ͉ inhibition ͉ mechanism A zide is a potent inhibitor of mitochondrial respiration that blocks cytochrome c oxidase (1) by binding between the heme a 3 iron and Cu B in the oxygen reduction site (2, 3) . Many other heme proteins and other metalloenzymes are inhibited by azide binding to their metal centers. Azide also inhibits the ATP hydrolase activity of the mitochondrial F-ATPase but not its synthetic activity. It has a similar effect on F-ATPases in eubacteria and chloroplasts (4) (5) (6) (7) . Like the other respiratory complexes, the F-ATPase is embedded in the inner membranes of mitochondria. Its catalytic F 1 domain protrudes into the matrix of the organelle and is attached to the membrane-bound sector, known as F o , by a central stalk and a peripheral stalk. Azide inhibits ATP hydrolysis by binding to the F 1 catalytic domain, an assembly of three ␣-and three ␤-subunits arranged in alternation around the asymmetrical central stalk, which is made of single copies of the ␥-, ␦-, and -subunits (8) . An asymmetrical ␣-helical coiled coil in the ␥-subunit penetrates the ␣ 3 ␤ 3 subcomplex along its central axis of pseudosymmetry, and the rest of the ␥-subunit, together with the ␦-and -subunits, forms the exposed region of the central stalk between the F 1 and F o domains (9) . The foot of this exposed region makes extensive interactions with a ring of c subunits in F o (10) . Synthesis of ATP in the F 1 domain is coupled mechanically to the proton motive force across the inner membrane by the rotation of the c ring and the central stalk as an ensemble. The tendency of the ␣ 3 ␤ 3 subcomplex to follow the rotation of the central stalk is countered by the peripheral stalk acting as a stator (refs. 11 and 12 and V. Kane Dickson, J. A. Silvester, A.G.W.L., and J.E.W., unpublished data). The rotation of the asymmetric ␣-helical coiled coil in the ␥-subunit (13, 14) causes the interconversion of the three catalytic sites, found in the ␤-subunits at interfaces with ␣-subunits, between three states with different affinities for nucleotides (15, 16) . In the reference structure of F 1 -ATPase (8), ADP and 5Ј-adenylyl-imidodiphosphate (AMP-PNP) were bound to the catalytic sites in the ␤ DP -and ␤ TP -subunits, respectively, and the ␤ E -subunit had no bound nucleotide. The three conformations of the nucleotide-binding sites in these subunits correspond, respectively, to the ''tight,'' ''loose,'' and ''empty'' states in the binding change mechanism (8) . During ATP synthesis, a 120°rotation of the central stalk (clockwise as viewed from the membrane) interconverts the sites from ''open'' to ''tight,'' ''loose'' to ''open,'' and ''tight'' to ''loose.'' Three 120 o steps in a 360°cycle take each subunit through all three states, and three molecules of ATP are made. Structures of F 1 -ATPase complexed with various inhibitors have confirmed that the reference structure represents a conformation in the active catalytic cycle (9, (17) (18) (19) (20) .
Sometimes, during ATP hydrolysis, the F 1 -ATPase becomes inhibited by ADP⅐Mg 2ϩ , becoming trapped in a catalytic site because either the enzyme has failed to release ADP during ATP hydrolysis or ADP has become bound from the medium (21) (22) (23) (24) (25) . It has been proposed that this inhibitory effect of ADP⅐Mg 2ϩ is enhanced by azide (5, 6, 22, 24) . Another explanation that has been advanced to explain the inhibitory effect of azide is that it blocks cooperation between catalytic sites (26, 27) . Rotation of the ␥-subunit in the synthetic direction in an F 1 -ATPase complex inhibited with ADP and azide expels them from the enzyme (28) , and ADP and azide do not inhibit ATP synthesis (4) . As shown here, in the structure of F 1 -ATPase at 1.9-Å resolution, the bound azide is associated with ADP in the ␤ DP catalytic site.
Results and Discussion
Structure of F 1 -ATPase Inhibited with Azide. The diffraction properties of crystals of bovine F 1 -ATPase were improved substantially by controlled dehydration, allowing data to be collected routinely to much higher resolution than had been possible previously with crystals grown under similar conditions. As the crystals became dehydrated, their unit cell was reduced progressively, especially in the a dimension, and their x-ray diffraction properties improved concomitantly (unpublished data). It has been noticed previously that sporadic occurrence of crystals of F 1 -ATPase with enhanced diffraction properties was correlated with a reduction in the a dimension of the unit cell (9, 29) . In these cases, the reduction in the unit cell volume may have occurred by crystal dehydration caused by evaporation during crystal cryocooling or by an increase in the concentration of the protein precipitant, polyethylene glycol. The crystals of the azide-inhibited complex belong to the space group P2 1 2 1 2 1 with unit cell dimensions of a ϭ 261.2 Å, b ϭ 105.2 Å, and c ϭ 122.7 Å. There is one F 1 complex in the asymmetric unit.
The structure, known as N 3 Ϫ -F 1 , was solved by molecular replacement by using data to 1.95 Å (see Table 1 ). After one round of refinement with a model based on the beryllium fluoride-inhibited structure [(ADP-BeF 3 Ϫ ) 2 -F 1 ] (30) with ADP as the bound ligand, the electron density map contained clear density in the ␤ DP catalytic site for bound ADP⅐Mg 2ϩ and additional tubular difference density, corresponding to azide, adjacent to the ␤-phosphate of ADP (Fig. 1 ). There was no evidence in the electron density map for tightly bound azide elsewhere in the structure. The catalytic site in the ␤ TP -subunit contained AMP-PNP⅐Mg 2ϩ only, and the nucleotide-binding sites in the three noncatalytic ␣-subunits each contained a bound AMP-PNP⅐Mg 2ϩ . The refined B factors for azide were Ͻ20 Å 2 , below the value for the bound nucleotide (Ϸ30 Å 2 ) but similar to ␤-Lys-162 and ␣-Arg-373, suggesting that azide is bound very tightly.
The final model contains the following residues: ␣ TP 23-401 and 410-510; ␣ DP 21-510; ␣ E 24-510; ␤ TP 9-474; ␤ DP 9-475; ␤ It is essentially identical to the reference structure (8, 18) , and it is the most detailed structure of F 1 -ATPase yet determined. All of the crystals used in the determination of the earlier structures of bovine F 1 -ATPase have been grown in the presence of azide also (primarily to prevent microbial growth during crystallogenesis). In the structures inhibited by the antibiotics efrapeptin (17) and aurovertin (20) , and in those of the complexes covalently inhibited with 4-chloro-7-nitrobenzo-furazan (19) and dicyclohexylcarbodiimide (9) , the catalytic sites in the ␤ DP -subunits contained ADP. In all of them, it is likely that inhibitory azide was bound in the same manner as described here, but it was not resolved in these earlier electron density maps. In some experiments, it is possible that the presence of azide prevented ATP analogues from binding in the ␤ DP site and, in others, prevented phosphate from binding in the same catalytic site. To investigate these issues, it will be necessary to solve structures of the bovine F 1 -ATPase with crystals grown in the presence of the appropriate nucleotide analogues and phosphate and in the absence of azide. In other earlier structures, where F 1 -ATPase was inhibited by forming ADP-metallofluoride complexes in both the ␤ DP -and ␤ TP -subunits (18, 29, 30) , azide would almost certainly have been prevented from binding by the tight binding of the metallofluoride, and there was no unattributed electron density that could correspond to azide in the electron density map of bovine F 1 -ATPase inhibited by ADP and aluminum fluoride at 2.0-Å resolution (29) or ADP and beryllium fluoride at 2.2-Å resolution (30) .
Mechanism of Inhibition of F1-ATPase by Azide. In the N 3 Ϫ -F 1 structure, azide is bound in the high-affinity, catalytically active binding site in the ␤ DP -subunit (30) , closely associated with the catalytically essential amino acids, the P loop residue ␤-Lys-162 and the ''arginine finger'' residue ␣-Arg-373, and with the bound ADP (Fig. 2) . The azide anion has a net charge of Ϫ1, consisting of charges of Ϫ1 on the outer nitrogen atoms and of ϩ1 on the central nitrogen atom, and the observed interactions among the anion, the enzyme, and ADP are consistent with this charge distribution. It is hydrogen-bonded to the guanidino moiety of ␣-Arg-373 and the -amino group of ␤-Lys-162 and forms an ionic interaction with an oxygen atom on the ␤-phosphate of ADP. In an alignment of the C ␣ atoms of the P loops of the ␤ DP -subunits from the (ADP-BeF 3 Ϫ ) 2 -F 1 and N 3 Ϫ -F 1 structures (Fig. 3) , azide is in the position of two of the three fluoride atoms that mimic the nonbridging oxygen atoms of the ␥-phosphate. The addition of phosphate reverses azide inhibition, probably by competing for the azide-binding site (31) . The alignment in Fig. 3 shows also that the guanidino group of ␣-Arg-373 is Ϸ0.5 Å closer to azide in the N 3 Ϫ -F 1 structure than it is to the BeF 3 Ϫ analogue of the ␥-phosphate in the structure of (ADPBeF 3 Ϫ ) 2 -F 1 (Fig. 3) . The -amino group of ␤-Lys-162 is also 0.25 Å closer to the azide, consistent with the anion being bound very tightly. Although the reference structure represents a ''ground 
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is the mean weighted intensity after rejection of outliers. ‡ R ϭ ͚hklʈFobs͉Ϫk͉Fcalcʈ͚͞hkl͉Fobs͉, where Fobs and Fcalc are the observed and calculated structure factor amplitudes, respectively. § Rfree ϭ ͚hklʚTʈFobs͉Ϫk͉Fcalcʈ͚͞hklʚT͉Fobs͉, where Fobs and Fcalc are the observed and calculated structure factor amplitudes, respectively, and T is the test set of data omitted from refinement (5% in this case). state'' in the catalytic cycle [as confirmed by the structure of (ADP-BeF 3 Ϫ ) 2 -F 1 ], it also represents the ADP-inhibited state of the enzyme (8) . In the structure of N 3 Ϫ -F 1 , azide stabilizes this ADP-inhibited state and helps to prevent the conversion of the ␤ DP tight binding site to the ␤ E conformation accompanied by ADP release. Because the rotation of the ␥-subunit in the synthetic direction expels ADP from that site (28), synthesis of ATP by the F 1 F o -ATPase is not inhibited by either ADP⅐Mg 2ϩ or azide (4) . During hydrolysis, it appears that the energy provided by the binding of an ATP molecule does not always provide sufficient energy to expel ADP, and azide enhances the inhibitory effect of ADP. Thiocyanate and cyanate have similar inhibitory effects on the F 1 -ATPase to azide (32), and because of the similarities of their shapes and charge distributions to azide (32), it is likely that their inhibitory mechanisms are also similar. There was no evidence for bound azide elsewhere in the electron density map, including the regions corresponding to the ␣-subunits, so the structure does not support the proposition that azide blocks cooperation between catalytic sites (26, 27) .
The structure of N 3 Ϫ -F 1 is unique in that inhibition of an enzyme by azide is mainly by means of hydrogen bonds rather than by direct binding to a metal center. In 36 of the 53 structures of proteins containing azide currently in the Protein Data Bank (33), inhibitory azide is bound either covalently or ionically to a metal. Many of them are oxidoreductases, and others are involved in either oxygen binding or electron transport. In addition, three lyase structures contain azide that is bound covalently to the zinc cofactor. In the remainder of the structures where metals are not involved in binding the associated azide, it is loosely associated with amino acids that are probably not involved directly in the mechanisms of the enzymes.
Effects of Azide on Other ATP-Binding Proteins. In addition to the F-ATPases, a number of other ATPases are inhibited by azide. They include the ABC transporters (34, 35) , the preprotein translocase SecA (36, 37) , DNA topoisomerase II␣ (38) , and ecto-ATPases (39, 40) . In each case, azide probably enhances the inhibitory effect of ADP by stabilizing the ADP-bound state, and this enhancement has been demonstrated for the SecA translocase (41) . All of these proteins contain a P loop or a ''Walker A'' motif (42) , where a lysine residue is positioned close to the phosphate-binding site and the ␥-phosphate of ATP in the catalytic site is usually surrounded by positively charged side chains. It is probable that these ATPases are inhibited in a similar way to the F-ATPases, by azide increasing the affinity of ADP by binding at or near the position occupied by the ␥-phosphate of ATP when ATP is present. Azide is likely to inhibit by a similar mechanism many other, but not all, of the NTPases belonging to the extensive P loop family of proteins. The inhibition of vesicular AT Pases ( V-AT Pases) by ADP⅐Mg 2ϩ , for example, is not enhanced by azide (43) (44) (45) , and archaeal ATPases (A-ATPases) from halobacteria are inhibited by azide (46, 47) , whereas the A-ATPase from Sulfolobus is not (48) . Because the F-, V-, and A-ATPases are all multisubunit enzyme complexes with a similar architecture and a similar rotary catalytic mechanism to F-ATPase, these variations imply the presence in the catalytic sites of insensitive enzymes of subtle variations that remain to be uncovered. The P type ATPases, such as the Ca 2ϩ -ATPase from the sarcoplasmic reticulum, are also not susceptible to azide inhibition. They have no P loop structure in their nucleotide-binding sites (49, 50) , and their catalytic mechanism, which involves the formation of a covalent phosphoryl-aspartate intermediate, is quite different to that of the P loop ATPases (49, 50) .
The ATP-sensitive potassium channels (51) also contain P loop motifs in the sulfonylurea receptor subunits where the regulatory nucleotides bind. The channels are closed by high cellular ATP (which binds at a site in the channel) and are opened by ADP binding to the sulfonylurea receptor subunits (52) . There is some uncertainty about the requirement for hydrolysis of ATP for channel opening (53) , but most evidence points to ADP⅐Mg 2ϩ being the agonist (54, 55) . These channels are stimulated by azide (56, 57) , probably by the anion stabilizing the binding of ADP⅐Mg 2ϩ to its nucleotide-binding site, thereby keeping the channel in the open state, similar to the way in which it enhances the inhibition of the F-ATPase by ADP.
Methods
Crystallization. An ammonium sulfate precipitate of purified bovine mitochondrial F 1 -ATPase was redissolved in minimal buffer. Crystals of F 1 -ATPase were grown in microdialysis buttons (50 l) with SpectraPor dialysis membranes (3,500 molecular-weight cutoff). An equal volume of inside buffer [100 mM Tris⅐HCl, pH 7.2͞400 mM NaCl͞4 mM MgCl 2 ͞2 mM AMP-PNP͞40 M ADP͞3 mM NaN 3 ͞0.004% (wt͞vol) phenylmethylsulfonyl fluoride͞14% (wt͞vol) polyethylene glycol 6000 in D 2 O] was added slowly to the protein, and the solution was mixed gently (final concentration of 5 mg͞ml). The samples were dialyzed against 3 ml of outside buffer [50 mM Tris⅐HCl, pH 8.2͞200 mM NaCl͞20 mM MgSO 4 ͞250 M AMP-PNP͞5 M ADP͞3 mM NaN 3 ͞0.004% (wt͞vol) phenylmethylsulfonyl fluoride͞9% (wt͞vol) polyethylene glycol 6000]. After 48 h, this buffer was replaced with the same buffer containing polyethylene glycol 6000 from 10% to 12.5% (wt͞vol) in 0.25% steps. The crystals were fully grown after 4 weeks.
Crystal Dehydration. Crystals were harvested in a LithoLoop (Molecular Dimensions, Apopka, FL). Their diffraction properties were monitored during dehydration in a gradient of relative humidity of water from 99% to 90% in a Free Mounting System (Proteros Biostructures, Martinsried, Germany), and conditions for improved diffraction were identified (unpublished data). Then, the crystals were plunged into liquid nitrogen and stored at 100 K.
Data Collection and Refinement. Diffraction data were collected from cryocooled crystals to 1.9-Å resolution on an ADSC Q210 charge-coupled device detector at beamline ID14-4 ( ϭ 0.98 Å) at the European Synchrotron Radiation Facility (Grenoble, France). Data were processed with MOSF LM (58) and programs from the CCP4 suite (59). The structure was solved by molecular replacement with AMORE (60) by using as a search model the beryllium f luoride-inhibited structure (30) (PDB ID code 1W0J) with the beryllium f luoride and water molecules removed. In all subsequent refinement steps, 5% of the data were excluded for calculating the free R factor. Refinement was carried out alternately with REFMAC5 (59, 61) and by manual rebuilding with the programs O (62) and COOT (63) . Some solvent molecules were built with ARP͞WARP (64) . Stereochemistry was assessed with COOT (63) . Figures were produced with PYMOL (65) .
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